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Abstract 
Experimental studies of sodium methacrylate and methacrylic acid amide copolymerization in aqueous solutions were 
accomplished under isothermal conditions. A mathematical model of the sodium methacrylate and methacrylic acid amide 
copolymerization in concentrated aqueous solutions was proposed. This model allows predicting the monomer conversion and 
molecular weight of copolymer. The model considers the change of initiation efficiency and chain termination rate on increase of 
the copolymerization system viscosity. A comparison of experimental data with calculations was performed based on the 
developed mathematical model. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of Tomsk Polytechnic University. 
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1. Introduction 
Practically important water-soluble copolymer of sodium methacrylate (SMA) and methacrylic acid amide 
(MAA) is obtained in the aqueous solution. This copolymer is known as an effective stabilizer of drilling fluids. 
Also it was found to be most effective for the removal of hydrophilic metal complexes, like CdCl2, ZnCl2, and the 
metalloid NaH2AsO4 from water1. On practice it is advisable to synthesize the copolymer in the concentrated 
solutions of initial monomers. This requirement is due to the need to reduce the energy consumptions on product 
drying step. 
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Nomenclature 
C1  concentration of sodium methacrylate, mole/l 
C2 concentration of methacrylic acid amide, mole/l 
I concentration of initiator, mole/l 
nM   average value of the copolymer molecular weight, amu 
М1 molecular weight of sodium methacrylate, amu 
М2 molecular weight of methacrylic acid amide, amu 
Р concentration of inactive chains, mole/l 
R1 concentration of growing radicals with end links of sodium methacrylate, mole/l 
R2 concentration of growing radicals with end links of methacrylic acid amide, mole/l 
R* gas constant, J·mole-1·K-1 
T temperature, °K 
X  conversion, % 
fi  initiation efficiency 
kd rate constant of initiation reaction, s
-1 
kp rate constant of chain propagation reaction, l·mole-1·s-1 
kt rate constant of chain termination reaction, l·mole-1·s-1 
r1, r2 monomers relative activities 
t process temperature, °C 
x0 initial total concentration of monomers in the reaction mixture, mas.%  
τ  time, s 
Ψp, Ψt  functions describing the diffusion phenomena 
ηsp specific viscosity, m2s-1 
η 1% polymer solution viscosity, m2s-1 
η0 solvent viscosity, m2s-1 
 
The analysis of scientific literature has shown that there are a few studies of kinetics of sodium methacrylate and 
methacrylic acid amide copolymerization. Authors of papers2,3 have studied the initial stage of the process in dilute 
solutions. Relative activities of the monomers for the copolymerization in the concentrated solutions were 
determined in study4. Method for the calculation of this copolymer composition system is proposed in paper5. 
The aim of this study is to develop a mathematical model, describing the kinetics of copolymerization of SMA 
and MAA in concentrated aqueous solutions, which could be used under conditions of real manufacturing. For 
testing an adequacy of the model experimental studies of SMA and MAA copolymerization were accomplished in 
aqueous solutions under isothermal conditions. 
2. Experimental studies of sodium methacrylate and methacrylic acid amide copolymerization 
Aqueous solutions with total monomers concentration of 34 - 50% were used in our experiments. Potassium 
persulfate (PPS) was used as the initiator. Sodium methacrylate was prepared immediately before copolymerization 
by reacting a methacrylic acid with a sodium hydroxide aqueous solution. 
The SMA and MAA copolymerization was investigated in the temperature range of 55–80 °C. The total 
concentration of monomers in water was 3.8–6.75 mole/l. The initiator (PPS) concentration was varied in the range 
of 3·10-3 –12·10-3 mole/l. The molar ratio of monomers was 1:1. 
Figure 1 shows the results of experimental studies. The effect of temperature on the kinetics of SMA and MAA 
copolymerization at the same initial total monomers concentration was studied. The copolymerization rate is almost 
constant up to the conversion of 70% in all investigated temperature range. When monomer concentration decreases 
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it is possible, if the chain termination rate decreases continuously as a result of reaction mixture viscosity increasing. 
The process rate begins decreasing rapidly when the monomers conversion is over than 80%. 
 
Fig. 1. Monomers conversion (%) vs copolymerization time (s). The temperature is 1 – 55, 2 – 60, 3 – 65, 4 – 80. Initial monomers concentration 
is 5.55 mole/l. Initiator concentration is 5.95·10-3 mole/l 
 
The curves in fig. 2 show dependence of polymerization rate on the current concentration of the monomers in the 
reaction mixture at different initial monomers concentrations. Starting with the value of monomers initial 
concentration of 4.4 mole/l and above there are sections of constant process rate on the curves. At the same current 
monomer concentration the increase of initial concentration of the reaction system leads to the reaction rate 
increasing. Obviously, the diffusion control of reactions involving macromolecules, in particular the chain 
termination reaction, takes place even in the initial step of the copolymerization. 
Figure 3 shows that increasing the initial concentration of initiator in the reaction system allow reducing the 
process time significantly. The increase of PPS concentration from 3·10-3 to 6·10-3 mole/l reduces the polymerization 
time at 2.2 times. Further growth of PPS concentration at 2 times more (up to 12·10-3 mole/l) reduces of process 
duration at 1.7 times. However, it should be noted that increase of initiator concentration results in lower degree of 
polymerization. Figure 4 shows dependence of viscosity of 1% product aqueous solution on process time and 
copolymerization temperature.  
 
 
Fig. 2. Polymerization rate (mole·(l·s)-1) vs monomers concentration in the reaction mixture (mole/l). Initial monomers concentration, mole/l: 
1 – 3.81; 2 – 4.4; 3 – 5.55. t=65 oC, I0=5.95·10-3 mole/l 
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Fig. 3. Process time (s) vs initiator initial concentration (mole/l). Conversion (%): 1 – 45, 2 – 80, 3 – 95. T=65 oC 
 
  
Fig. 4. Viscosity of reaction mixture 1% aqueous solution (m2·s-1) vs copolymerization time (s). Temperature, оС: 1 – 55, 2 – 60, 3 – 65, 4 – 70, 5 
– 75, 6 – 80. С0=5,55 mole/l, I0=5,95·10-3 mole/l, М1:М2=1 mole/ mole 
 
The curves in fig. 4 show that the temperature increasing leads to decreasing of viscosity of product 1% aqueous 
solution, i.e. reducing the average molecular weight of copolymer produced. It should be considered when the 
optimal process conditions are determined. 
3. Modeling the kinetics of sodium methacrylate and methacrylic acid amide copolymerization 
The mathematical description of kinetics of SMA and MAA copolymerization includes the following reactions: 
the initiation reaction, the chain growth reaction, and chain termination reaction. The kinetic equations system is as 
follows: 
ddI d k IW       (1) 
1 11 1 1 12 2 1p pdC d k R C k R CW           (2) 
2 12 1 2 22 2 2p pdC d k R C k R CW           (3) 
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1 21 2 1 12 1 2 11 1 12 1 2i d p p t tdR d f k I k R C k R C k R k R RW                 (4) 
2
2 12 1 2 21 2 1 22 2 21 2 1i d p p t tdR d f k I k R C k R C k R k R RW                 (5) 
2 2
11 1 12 1 2 21 2 1 22 2t t t tdP d k R k R R k R R k RW             (6) 
where I is concentration of initiator, mole/l; C1, C2 are concentrations of  SMA and MAA respectively, mole/l; R1, R2 
are concentrations of growing radicals with end links of SMA and MAA respectively, mole/l;  Р is concentration of 
inactive chains, mole/l; fi  is initiation efficiency; τ is time, s. 
Initial conditions for the set of differential equations (1)-(6) are as follows: I(0)=I0, C1(0)=C1 0, C2(0)=C2 0, 
R1(0)=0, R2(0)=0, P(0)=0.  
Usually taken for radical polymerization assumption about independence of macroradical reactivity on the chain 
length was used when the set of equations (1)-(6) was built. So-called long chain approximation, suggesting that 
monomer consumption in the initiation reaction is negligible compared to the one in the chain growth reaction, was 
also used. 
Studies of SMA and MAA copolymerization in concentrated aqueous solutions show that the diffusion control of 
termination reactions begins at small conversions. At high conversions not only macroradicals but also monomer 
molecules and prime radicals become inactive, that is why the effective rate constants of chain growth and initiation 
efficiency reduce. 
Rate constants of elementary reactions were calculated having used equations obtained by analyzing the data in 
the literature2-5:  
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where Ψp, Ψt are functions describing the diffusion phenomena. Solving the inverse problem the dependences of rate 
constants of chain growth and chain termination on conversion increasing were found:  
 121 1 1 55p if / . X\        (12) 
 1 1 Nt / Z X\       (13) 
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20 0 02 28 0 0194 21 652 5 166 1 3 273 2 681. . t . x . / . x . x=             (14) 
   0 00 0194 3 161 1 2 992. . x / . x1        (15) 
   1 2 10 201X C C / C C       (16) 
where X is conversion (%); x0 is initial total concentration of monomers in the reaction mixture, (mas. %); t is 
process temperature (°C). 
The rate constants of chain growth polymerization reactions were calculated using relative activities of the 
monomers r1 = 1.088 and r2 = 0.863, defined in paper
4. 
12 1 11p pk r k ;   21 2 22p pk r k    (17) 
To calculate the constants of cross-termination the phi-factor model was used. According to study2 for the system 
of SMA-MAA φ = 1.55. 
 0 512 21 11 221 55 .t t t tk k . k k       (18) 
From the values of concentrations calculated by solving the mathematical model (1)-(18), the average value of the 
copolymer molecular weight was predicted: 
   1 10 1 2 20 2nM M C C M C C P     ª º¬ ¼   (19) 
where М1, М2 are molecular weights of SMA and MAA respectively. 
The copolymer average composition is as follows: 
   10 1 10 20 1 2y C C / C C C C        (20) 
As a viscosimetry remains the most accessible and responsive method of polymers analysis, an equation that 
correlates the viscosity of 1% reaction mixture aqueous solution, the conversion and average molecular weight of the 
product was derived: 
   1 5260 0 70 10 .sp n/ X MK  KK K       (21) 
Where ηsp is specific viscosity; η is 1% polymer solution viscosity; η0 is solvent viscosity.  
4. Results and discussion 
The results of calculations by the model demonstrate figures 5-7. The solid lines in the figures correspond to the 
calculated data, the points, to experimental. Figures 5, 6 show the correlation of experimental and calculated values 
of monomers conversion for various process conditions. Figure 7 shows the correlation of experimental and 
calculated values of viscosity of a 1% aqueous copolymer solution.  
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Fig. 5. Monomers conversion vs copolymerization time (s).  Initiator concentration is 5.95·10-3 mole/l. Temperature is 65 0С. Monomers initial 
concentration (mole/l): 1- 3,809; 2 - 4,384; 3- 4,963 
 
Fig. 6. Monomers conversion vs copolymerization time (s). Monomers initial concentration is 5.553 mole/l. Temperature is 65 0С. Initiator 
concentration (mole/l): 1 – 5.95·10-3; 2 – 11.89·10-3 
 
Fig. 7. Viscosity of 1% copolymer aqueous solution (m2·s-1) vs process temperature (°C). Monomers initial concentration is 5.553 mole/l. 
Initiator concentration is 5.95·10-3 mole/l. Monomers ratio is 1:1 
Comparison of experimental and calculated data shows that the mathematical model describes correctly the 
influence of monomers initial concentration, initiator initial concentration on kinetics of the SMA and MAA 
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copolymerization in concentrated aqueous solutions. Relative deviation of calculated and experimental data is less 
than 5 %. 
5. Conclusions 
The mathematical model describes correctly the most important features of the SMA and MAA copolymerization 
in concentrated aqueous solutions up to high conversion of monomers. It can be used for calculation of technological 
system of water soluble polymer production.  
Acknowledgements 
The study was financially supported by RFBR (grant no. 14-08-31273 mol_a). 
References 
1. Ashraf S., Cluley A., Mercado C., Mueller A. Imprinted polymers for the removal of heavy metal ions from water. Water Science and 
Technology  2011; 64:6-1325. 
2. Basova T.G., Zilberman E.N., Shvareva G.N., Chernyh V.N. Effect of pH on the copolymerization of methacrylic acid and methacrylamide. 
Polymer Science U.S.S.R. 1975; B17:5-379. 
3. Basova T.G., Zilberman E.N., Shvareva G.N. Kinetics of methacrylamide and sodium methacrylate copolymerization. Izv. Vyssh. Uchebn. 
Zaved. Khim. Khim. Tekhnol. 1977; B19:1-22. 
4. Shubin A.A., Kiselnikov V.N., Vyalkov V.V., Shvareva G.N. Features of methacrylic monomers copolymerization in their concentrated 
aqueous solutions. Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 1983; 26:10-1249. 
5. Kuo Jen-Feng, Chen Chuh-Yung, Luo Shieh-Huang, Pan Ting-Chung. Method for the calculation of compositions of radical-chain 
copolymerizations. Journal of Applied Polymer Science. 1989; 38:3-529. 
 
